Abstract. We quantified the relative importance of scale-specific variability of macroalgal and benthic invertebrate communities in the Vaindloo area, the central Gulf of Finland. Macrophyte communities had a clear variability minimum at 8 km spatial scale. In contrast to macrophytes, the scale-specific variability of benthic invertebrate communities was small with no clear variability peak or minimum. The spatial distribution patterns of macrophytes and benthic invertebrates did not vary with regard to the species composition and dominance structure of communities. Among environmental variables the coverage of boulders and depth contributed most to the variability of the species composition and biomass dominance structure of macrophytes as well as of the species composition of benthic invertebrates. In addition to these environmental factors, the variability in the abundance and biomass dominance structure of benthic invertebrates was described by coastal slope, exposure, and cover of sediment size fractions other than boulders. The study suggests that the scale-specific variability of marine communities is complex and differs notably among different ecosystem elements. The variability of macrophytes and benthic invertebrate communities was also described by the abiotic environment operating at multiple spatial scales.
INTRODUCTION
The majority of information on environmental conditions, biodiversity, and functioning of aquatic ecosystems has been derived from studies conducted at small spatial scales such as site or habitat scales whereas those performed at landscape or regional scales are much rarer. It has been suggested that at small spatial scales ecosystems are influenced by both abiotic forcing and biotic controls (Tilman et al., 1997; Loreau et al., 2001) while at large spatial scales abiotic forcing is considered a major force affecting the ecosystems (Steele & Henderson, 1994) . However, there is no generic consensus among experts about the scale-specific effects of environmental variables on biota.
There may be situations in which the same variable has a negative, neutral, or positive effect on biota depending on the scale considered. For example, it is known that in marine ecosystems the coverage of boulder field may be inversely related to the presence of drift algae at the site scale whereas at the landscape scale it is positively related to drift algae (Kotta et al., 2008) . Besides, relationships between abiotic and biotic factors that are evident at broad scales may disappear at finer scales and be replaced by the effects of biological processes (Greig-Smith, 1979; Woodward, 1987) . Other studies, however, indicated a scale-independent relationship between environmental and biotic variables (e.g. Thrush et al., 2005) . This points to the need for an assessment of scale-specific variability of biotic patterns and linkage of abiotic environment and associated biota.
Scaling in space and time is a central challenge in ecology. Earlier analyses suggest that variability in marine communities increases with scale (Platt & Denman, 1975) ; however, the theoretical expectation is inconsistent with many field observations (Hewitt & Thrush, 2009; Kotta & Möller, 2009) . Some experimental studies investigating the relationship between environmental and species variability across different spatial scales found the lack of scale dependence to markedly different responses at different scales (Thrush et al., 2005) . The degree of interaction between broad-scale factors with smaller scale variability varies among regions and is expected to determine the consistency of responses over large spatial scales. It is commonly thought, though, that local communities assemble from the macro-to the microscale, i.e. regional scale variability governs local variability rather than the other way round (Whittaker et al., 2001; Kotta & Witman, 2009 ). Nevertheless, small-scale processes can also generate large-scale patterns (Wootton, 2001) . The knowledge on such species interaction, however, is poor and no generic scale-specific theories exist.
In the Baltic Sea the species diversity is low due to the low salinity and short evolutionary history of the sea (Russell, 1985; Wallentinus, 1991) . Biotic interactions are commonly thought to have minor importance in controlling rocky shore (Waern, 1952; Kautsky & van der Maarel, 1990 ) and soft bottom communities (Herkül et al., 2006) whereas physical control is common (Kotta et al., 2004; Põllumäe & Kotta, 2007) . Large-scale distribution patterns in the Baltic Sea display a high predictability related with the scale-specific effect of abiotic factors such as salinity and depth on the community structure (Kautsky, 1993; Middelboe et al., 1997; Bonsdorff & Pearson, 1999) . Locally, light availability is the major environmental factor determining the species distribution of macrophytes and benthic invertebrates associated to the plants (Kautsky & van der Maarel, 1990 ). In addition, geological and topological conditions may affect the availability of substrates appropriate to the species present in the region (Kautsky et al., 1999) . Benthic invertebrates are locally governed by the levels of primary production in shallow areas and intensity of hypoxia in deep areas (Bonsdorff & Pearson, 1999; Kotta et al., 2007) . Although these studies suggest that relationship between the abiotic environment and biota is scale dependent, the spectra of environmental and biotic variability were not analysed. Therefore there is a need to resolve important scales of variability (i.e. patterns of patchiness) of macrophytes and benthic invertebrates and to determine the linkage between the scale-specific environmental variability and biotic patterns, especially at fine scales.
In this study we quantified the relative importance of scale-specific variability of macroalgal and benthic invertebrate communities in the Vaindloo Shallow, the northern Baltic Sea. In order to establish the link between scale-specific patterns of the abiotic environment and biota, community variability was decomposed into the relative contribution of different abiotic environmental factors. We assumed that the variability in the community structure at a certain spatial scale relates to the magnitude of effects of environmental variable(s) operating at this scale. Thus, the important scales (i.e. typical patch sizes) of the key abiotic environmental variables should match the important scales of communities.
MATERIAL AND METHODS
The study was conducted in the Vaindloo Shallow, the central Gulf of Finland, the northern Baltic Sea, in June 2009 in the frame of the project "Implementation of Natura 2000 in Estonian marine areas: site selection, designation and protection measures -ESTMAR", which is implemented by the Estonian Marine Institute and partners (Environmental Board, Estonian Ornithological Society, Estonian Fund for Nature, BEF-Estonia, BEF-Latvia, Norwegian Institute of Water Research) with the financial support of the Norwegian financial mechanisms. The overall goal of the project is to contribute to the implementation of Natura 2000 in Estonian marine areas.
The Gulf of Finland has a relatively large catchment area and abundant freshwater inflow. The surface salinity varies from 0 psu in its eastern end to 7 psu at the western areas (Pitkänen et al., 2008) . Near the bottom, the salinity increases from 5 psu in the eastern parts to approximately 10 psu in the western parts. Halocline strength varies both spatially and temporally. The average seawater temperature is from 0 to 15 °C. The gulf is among the most eutrophicated basins in the Baltic Sea area (Pitkänen et al., 2007) . Bottom sediments consist mainly of sand and boulders at shallower areas and silt and clay sediments rich in organic matter in deeper areas (Pitkänen et al., 2008) . In our study area salinity ranged between 5 and 7 psu (Database of the Estonian Marine Institute), the average depth was 27 m and maximum 56 m. Sand, pebble, and gravel bottoms dominated.
The phytobenthos and associated benthic invertebrate sampling and sample analysis followed the guidelines developed for the HELCOM COMBINE programme (HELCOM, 2007) . A total of 114 stations were sampled and three replicate samples were taken in each station (Fig. 1 ). On soft bottoms sampling was performed by an Ekman type bottom grab (200 cm 2 ; altogether 300 samples) and on hard bottoms benthic macrophytes and invertebrates were collected with a diver-operated metal frame (400 cm 2 ; altogether 42 samples). In every station the coverage of different substrate types was estimated by a remote video-camera. The substrate classes were as follows: silt (fluffy, high in organic content < 0.063 mm), clay (< 0.063 mm), fine sand (0.063-0.25 mm), medium sand (0.25-0.5 mm), coarse sand (0.5-2 mm), gravel (2-20 mm), small stones with a diameter less than 20 cm, boulders with diameters larger than 20 cm. The borderline between fine and medium sands could be accurately delineated with 0.25 mm mesh screens (see next paragraph); the distinction between other sediment types was made visually.
Grab and frame samples were sieved through a 0.25 mm mesh and the residuals were preserved in a deep freezer at -20 °C. In the laboratory plants and animals were counted and identified under stereo dissecting microscope. The dry weight of each taxon was obtained after keeping the material 2 weeks at 60 °C.
The Simplified Wave Model method was used to calculate the wave exposure for mean wind conditions represented by the ten-year period between 1 January 1997 and 31 December 2006 (Isaeus, 2004) . A nested-grids technique was used to ensure long-distance effects on the local wave exposure regime, and the resulting km grids had a resolution of 25 m. The exposure range in the study area was calculated for 50, 100, 500, and 1000 m scales.
The inclination of coastal slopes was calculated at 50, 100, 500, and 1000 m resolutions on the basis of depth charts (available at the Estonian Marine Institute) using the Spatial Analyst tool of ArcInfo software (Anon., 2004) . High values of coastal slopes indicate the occurrence of topographic depressions or humps at smaller spatial scales (50-100 m) and the occurrence of steep slopes at higher spatial scales (500−1000 m). Low values refer to flat bottoms at the measured spatial scales.
Multivariate data analyses were performed with the statistical program 'PRIMER' version 6.1.5 (Clarke & Gorley, 2006) . Similarities between pairs of samples were calculated using a zero-adjusted Bray-Curtis coefficient. The coefficient is known to outperform most other similarity measures and enables samples containing no organisms at all to be included . The software ArcInfo (Anon., 2004) was used to calculate the geographial distances between the studied sites. The distances were related to the dissimilarity matrices of environment and biota. The distance-based mean dissimilarities were used as a proxy of the scale-specific spatial variability of abiotic environment and biota. As it is not straightforward to break down model R 2 into shares from the individual regressors, we used 'the averaging over orderings (LMG)' of the R package relaimpo (Grömping, 2006) in order to assess the relative importance of individual regressors to a multiple regression model (Grömping, 2007) . The LMG refers to the amount of explained variance and decomposes R 2 into non-negative contributions that automatically sum to the total R 2 .
RESULTS
Macrophytes were represented by only eight species in the study area (Table 1) . The most common species were the filamentous brown algae Pilayella littoralis and Shpacelaria arctica and the filamentous red alga Ceramium tenuicorne with 8.9%, 17.4%, and 11.6% occurrence and average biomasses of 20.0, 4.1, and 4.4 g dw m -2 , respectively. The perennial red alga Furcellaria lumbricalis dominated in the biomass below 10 m with an average occurrence of 3.7% and biomass of 9.1 g dw m -2 . The filamentous green alga Cladophora glomerata had a low biomass in the study area. The brown algae Dictyosiphon foeniculaceus and Fucus vesiculosus and the red alga Coccotylus truncatus were found in a single sample only and at low biomasses.
Altogether 23 benthic invertebrate species were recorded in the study area ( Table 2) . The deposit-feeding clam Macoma balthica occurred almost in every second sample and strongly dominated in the invertebrate biomass (over 50 g dw m -2 ). The clam was widely distributed reaching also the deepest sites in the study area. The suspension-feeding barnacle Balanus improvisus and the mussel Mytilus trossulus had also relatively high occurrences (30.0% and 32.6%, respectively) and biomasses (41.1 and 13.7 g dw m -2 , respectively) and were distributed over a wide range of depths. The crustacean amphipod Monoporeia affinis and the isopod Saduria entomon were observed only at deep sites of the study area with average occurrences of 12.6% and 7.9%. The deposit-feeding polychaetes Hediste diversicolor and Marenzelleria neglecta and oligochaete worms were found frequently on soft bottoms over the depth range studied at occurrences of 4.7%, 19.5%, and 27.4%, respectively. Throughout the study area no evidence of the presence of hypoxia or anoxia was observed assessed as the lack of the smell of H 2 S in the samples. Macrophyte communities had a clear variability minimum at 8 km spatial scale. In contrast to macrophytes, the scale-specific variability of benthic invertebrate communities was small with no clear variability peak or minimum. The spatial distribution patterns of macrophytes and benthic invertebrates did not vary in the species composition and dominance structure of communities (Fig. 2) .
Among the abiotic variables depth, coastal slope, silt, and fine and medium fractionated sands had low scale-specific variability. Gravel coverage and exposure had a variability peak at 8 km scale whereas boulders had a variability minimum at 8 km scale. Coarse sand and small stones had a variability peak at 10 km scale (Fig. 3) . Fig. 4 . Relative importance of environmental variables for benthic invertebrate communities with 95% bootstrap confidence intervals. The LMG method was used and metrics were normalized to sum to 100%. The codes of environmental variables are as follows: D -depth; ST -prevailing sediment type classified into sediment classes shown below; S50, S100, S500, S1000 -coastal slope at the respective spatial scale; E50, E100, E500, E1000 -exposure at the respective spatial scale; coverages of different sediment types: C -clay; S -silt; FS -fine sand; MS -medium sand; CS -coarse sand; G -gravel; SS -stones smaller than 20 cm; B -boulders, stones larger than 20 cm. Relative importance of environmental variables for macrophyte communities with 95% bootstrap confidence intervals. The LMG method was used and metrics were normalized to sum to 100%. The codes of environmental variables are as follows: D -depth; ST -prevailing sediment type classified into sediment classes shown below; S50, S100, S500, S1000 -coastal slope at the respective spatial scale; E50, E100, E500, E1000 -exposure at the respective spatial scale; coverages of different sediment types: C -clay; S -silt; FS -fine sand; MS -medium sand; CS -coarse sand; G -gravel; SS -stones smaller than 20 cm; B -boulders, stones larger than 20 cm.
and depth contributed most to the variability of species composition and biomass dominance structure of macrophytes with each variable explaining between 20% and 40% of the overall variability. Fine-scale topography (coastal slope values below 500 m scales) had a limited explanatory power in the models of phytobenthic communities with each factor explaining less than 1% of the model variability. Similar to macrophytes, the coverage of boulders and depth largely described the variability in the species composition of benthic invertebrates with each variable explaining between 30% and 40% of the overall variability (Fig. 4) . In addition to these environmental factors, the variability in the abundance and biomass dominance structure of benthic invertebrates was described by coastal slope, exposure, and cover of sediments other than boulders. Each such variable contributed up to 10% of the model variability. In contrast to benthic macrophytes, in the models of benthic invertebrate communities fine-scale topography was very important with species composition and abundance structure being explained by coastal slope values at 50 m scale and biomass structure by exposure values at 50 m scale with each explaining about 10% of the model variability.
DISCUSSION
In our study the dissimilarities of species composition, abundance, and biomass of macrophyte and benthic invertebrate species were ordered by the spatial distance between stations. Such analysis enabled to quantify the patterns of spatial variability of communities. The results suggest that the scale-specific variability of marine communities is complex and differs considerably among different ecosystem elements. Namely, the variability in the species composition and biomass of macrophytes was clearly scale-dependent whereas the patterns of species composition, abundance, and biomass of benthic invertebrates were largely scale-independent.
The studied benthic invertebrate communities were typical of the northern Baltic Sea (Bonsdorff & Pearson, 1999; Kotta et al., 2007) . It is notable that sediments in the study area were very diverse and varied at multiple spatial scales reflecting the postglacial history of the region (Ignatius et al., 1981) . Consequently, the coverage of different sediment types is expected to define the patterns of benthic invertebrates in the study area. Although different sediment fractions showed peaks and depressions at different scales, their cumulative effect resulted in a scale-invariant pattern of benthic invertebrates.
On the other hand, macrophyte communities in the studied area are specific in terms of species composition and dominance structure. In contrast to other sea basins the studied area is characterized by low salinity, poor water transparency, and narrow distribution of appropriate substrates resulting in low diversity and biomass of macrophytes. This is shown for example by the presence of a small number of macroalgal species and absence of higher plants. Besides, the filamentous algae such as Cladophora glomerata, which are causing coastal blooms elsewhere in the Baltic Sea (Golubkov et al., 2003; Kotta et al., 2008) , were represented in very low biomass despite high levels of eutrophication (Pitkänen et al., 2007) . Thus, due to the strong limitation of light and substrate, the distribution of macrophytes is expected to reflect primarily the patterns of depth (i.e. light) and substrate (i.e. boulders). Namely, primary production is impossible at reduced light levels and boulders offer macrophyte species necessary preconditions for their attachment (Kautsky & van der Maarel, 1990; Witman & Roy, 2009) .
The studies linking abiotic environment and biotic patterns at multiple spatial scales are rare and their results are not consistent. Observations made in an estuarine fjord showed that benthic communities within a site scale (1 km) are very similar but with increasing scale (up to 100 km) the communities become dissimilar (Dethier & Schoch, 2005) . As the distribution of sediments in the studied estuary was chosen to be scale-invariant, the observed pattern of benthic invertebrates was explained by scale-dependent variables such as exposure, temperature, and salinity. Exposed areas with mobile sediments are considered to be more inhospitable than sheltered areas (Gray, 2002) . On the other hand, some earlier studies have suggested that local conditions are more important in the development of shallow ecosystems of the Gulf of Finland compared to processes operating at large scales (Pitkänen et al., 2001; Lehtoranta, 2003) . Similarly, comparison of the effects of local (10 km), gulf (100 km), and regional scale abiotic environment (1000 km) on the distribution of benthic invertebrates shows the strongest links at local scales (Põllumäe et al., 2009) , which was plausibly due to the strong local variability in the nutrient loading and recruitment success. As shown on the eastern coast of Sweden, the links between the abiotic environment and macroalgal communities are clearly depth-dependent with exposure being more important at the shallower areas and sediment characteristics in the deeper areas (Eriksson & Bergström, 2005) . Such environmental variables vary both locally and regionally and may potentially result in different patterns of macrophyte communities.
This suggests that there exists no generic scale-specific pattern of macrophytes and benthic invertebrates. Nevertheless, the search for the important scales of variability is very important when developing robust and powerful predictive models of the distribution of macrophytes and benthic invertebrates for various local management and theoretical uses. The methodology shown in our study offers a theoretical basis to decompose the effects of different abiotic environments on biota along changing spatial scales. Our study showed that the scale-dependent variability of macrophytes and benthic invertebrates was largely described by abiotic environment operating at multiple spatial scales. As such abiotic data are nowadays widely accessible (e.g. remote sensing data on bathymetry and sediment) scale-dependent patterns of species composition, abundances, and biomasses can be modelled.
